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Electric field effects in ferromagnetic/oxide dielectric structures provide a new route 
to control domain wall (DW) dynamics with low power dissipation. However, electric 
field effects on DW velocities have only been observed so far in the creep regime 
where DW velocities are low due to strong interactions with pinning sites. Here, we 
show gate voltage modulation of DW velocities ranging from the creep to the flow 
regime in Ta/Co40Fe40B20/MgO/TiO2 structures with perpendicular magnetic 
anisotropy. We demonstrate a universal description of the role of applied electric 
fields in the various pinning dependent regimes by taking into account an effective 
magnetic field being linear with the electric field. In addition, the electric field effect is 
found to change sign in the Walker regime. Our work opens new opportunities for the 
study and optimization of electric field effect at ferromagnetic metal/insulator 
interfaces. 
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Electric field control of magnetic domain wall (DW) motion in transition-metal 
ferromagnets1–7 has attracted great interest due to the possibility to achieve DW 
control with low power dissipation for memory and logic circuits. One important 
example is racetrack memory8, where a gate voltage can be exploited to assist 
manipulation of DWs under spin-polarized currents1. This would allow the reduction 
of the generally large critical currents needed to depin and shift DWs in narrow wires. 
Another example concerns DW logic circuits9, for which local modulation of DW 
motion can lead to programmable DW energy landscapes. In both cases, the key is 
whether the electric field enables both efficient depinning for stored DWs and control 
of DW propagation. 
 
Materials with perpendicular magnetic anisotropy (PMA) are particularly 
attractive for DW devices as they exhibit narrow DWs10 enabling high-density 
storage. Recently, the electric field effect on DW dynamics has been demonstrated 
in Pt/Co/oxide films with PMA involving oxides with relatively high dielectric constant 
such as AlOx3,6, HfO24 or GdOx5. However, significant modulation of DW velocity 
under gate voltage has been shown only in the creep regime where DWs propagate 
at relatively low speeds (< 0.1 m s-1) through thermal activation over local energy 
barriers3–6 originating from the random disorder.10,11 The efficient gate-voltage 
control in the creep regime has been explained in terms of modulation of the 
activation energy barriers3–6 through voltage-induced changes of the interfacial 
magnetic anisotropy.12–16 With increasing DW velocity in the creep regime, the 
electric field effect was found to be strongly reduced due to the decrease of the 
activation energies with applied magnetic fields.5 So far, there has been no reports 
on the experimental observation of electric-field effects beyond the creep regime, 
particularly in the depinning and flow regimes.17–20 
Here, we report the first observation of voltage modulation of DW motion over 
different dynamical regimes where velocities range from 10-8 m s-1 to 20 m s-1. In 
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addition, we demonstrate that this behavior can be understood over the full range of 
DW dynamics by electric field induced modulation of the magnetic anisotropy. Our 
approach makes use of Ta/CoFeB/MgO films with PMA, for which the density of 
pinning sites and the damping are very low21-23 with respect to other PMA materials 
such as Co/Pt19,24 or Co/Ni18,25. In addition, PMA at the CoFeB/MgO interface can be 
manipulated efficiently through gate-voltage control.15,16 These materials are 
considered as the most promising not only for spin transfer torque magnetic random 
access memory (STT-MRAM)26,27 but also for DW based memories28, since a 
combination of spin Hall effect and Dzyaloshinskii-Moriya interaction leads to 
efficient DW propagation under current.29–31 
 
In this study, DW velocity under electric field was measured in both as-grown 
and annealed Ta(5nm)/Co40Fe40B20(1nm)/MgO(2nm)/TiO2(20nm)/ITO samples using 
magneto-optic Kerr microscopy under combined electric and magnetic fields. By 
applying a top gate voltage VG between the bottom Ta/CoFeB and top ITO 
electrodes (shown schematically in Fig. 1a), electrons can either accumulate or 
deplete at the CoFeB/MgO interface. For the experiments shown, positive (negative) 
voltage corresponds to electron accumulation (depletion) at the CoFeB/MgO 
interface. Note that in order to avoid any temperature rise, the experiments were 
performed under low leakage current below 20 nA, which corresponds to gate 
voltages ranging from -1.5 V to 1.5 V. The maximum voltage corresponds to electric 
field of 0.37 V nm-1 below the voltage breakdown of MgO (> 1 V nm-1). Figure 1b 
shows typical differential Kerr images of magnetic DW motion in an annealed CoFeB 
structure for different gate voltages of VG= -1.5 V, 0 V, +1.5 V. The dark regions 
indicate the motion of the DW under a magnetic field pulse of µ0H = 8 mT during Δt = 
1 s under voltage. The voltage VG was applied in the region of the 50-µm-wide ITO 
strip as indicated by the dashed rectangle. The DW displacement below the ITO strip 
at VG = −1.5 V is smaller than that at VG = 0 V, while the DW displacement at VG = 
1.5 V is larger indicating an opposite effect of electric field for different polarities. 
Figures 2a-2c shows the dependence of DW velocity on the gate voltage in the 
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annealed sample for different value of µ0H. In all field ranges, the DW velocity 
increases (decreases) with positive (negative) voltage VG. As indicated in Fig. 2d, the 
effect of gate voltage on DW velocity is found to be relatively large in the low-field 
regime but it strongly decreases with increasing magnetic field.  
 
To determine the role of voltage on the various dynamic regimes, we have 
measured the dependence of DW velocity v on the applied magnetic field H for 
various voltages ranging from -1.5 V to 1.5V. Figure 3 shows the DW velocity vs. µ0H 
for typical gate voltages VG= −1.5 V, 0 V and 1.5 V for the annealed sample. Three 
DW dynamical regimes are observed including the creep, intermediate depinning 
and depinning regimes11,17,19,20,22. In all regimes the DW velocity increases 
(decreases) under positive (negative) voltage. In the creep regime where µ0H < 8 mT 
(Fig. 3b), the DW velocity can be expressed as  
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where UC is a characteristic energy related to the disorder-induced pinning potential, 
kB the Boltzmann constant, T the temperature, and Hdep the depinning field at which 
the Zeeman energy is equal to the DW pinning energy. The exponent 1/4 fits the 
data well and is theoretically predicted for interactions of one-dimensional DWs with 
two-dimensional weak random disorder in thin magnetic films with PMA.11 This 
regime allows us to determine the values of Uc(Hdep)-1/4/kBT and ln v0
creep  as a function 
of the applied voltage as shown in Figs. 4a-b. Uc(Hdep)-1/4/kBT decreases (increases) 
with positive (negative) voltages values whereas ln v0
creep  remains fairly constant. In 
agreement with Ref. 19, close above Hdep a critical depinning regime is observed for 
µ0H > 12 mT, where the velocity fits as  
( )
1
dep 4
dep~v H H−      (2) 
This regime allows us to determine accurately the value of Hdep as a function of the 
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gate voltages as shown in Fig. 4c. Hdep decreases (increases) with positive (negative) 
voltage, with values ranging from µ0Hdep= 11 mT at VG = +1.5 V to µ0Hdep= 13 mT at 
VG = -1.5 V as compared to µ0Hdep= 11.7 mT at VG = 0 V. We find a linear variation 
of the depinning field with voltage that can be described by  
Hdep = Hdep0(1 - LVG)     (3) 
where Hdep0 = 12 mT and L ~ 0.05 V-1. Finally, by using the value of µ0Hdep 
determined from Eq. (2) into Eq. (1), the characteristic energy Uc is found to be 
independent of the voltage as indicated in Fig. 4d. Between these two regimes for 8 
mT < µ0H < 12 mT, an intermediate depinning regime occurs, which corresponds to 
the tails of the creep regime20 where the energy barriers vanishes linearly as ΔE ~ 
(H/Hdep-1) approaching Hdep.  
 
Our results are consistent with electric field induced change of perpendicular 
anisotropy as described below. In our structure, the dielectric layer consists of a 2 
nm thick MgO (dielectric constant ɛMgO ~ 9.7) and 20 nm thick TiO2 (dielectric 
constant ɛTiO2 ~ 100) films. A positive (negative) gate voltage of VG = +1 V (−1 V) 
corresponds to an electric field of ~ 0.25 V nm-1 and an accumulation (depletion) of ~ 
0.01 electron per Co(Fe) atom at the CoFeB/MgO interface. The results here show 
that positive voltage increases the DW velocity. This is consistent with recent studies 
showing that positive voltage give rise to a reduction of the effective anisotropy Keff in 
Ta/CoFeB/MgO structures15,16,32-34. Indeed, since the depinning field Hdep depends 
on Keff as Hdep ~ (Keff)1/2, a reduction of Keff under positive voltage leads to a reduction 
of Hdep and thus an increase of DW velocity following Eqs.1 and 2. Note that the 
variation of Hdep gives rise to a depinning efficiency of 2.3 mT per V nm-1. 
 
In a recent study34, we have used an ionic liquid to apply electric fields on larger 
scales in Ta/CoFeB/MgO structures grown under the same conditions (see 
supplementary information), which allows us to measure the variation of the 
anisotropy field under electric field. The results are found to be consistent with a 
linear variation of the effective anisotropy under voltage confirming previous 
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studies16,32. Thus considering Keff = Keff0(1 - aVG) where Keff0 is the effective 
anisotropy at zero voltage, a is the modulation ratio of Keff per V, and VG the gate 
voltage, the depinning field Hdep~(Keff)1/2 can be written as  
      Hdep = Hdep0(1 – aVG/2)                          (4) 
where Hdep0 is the propagation field at zero voltage. This is consistent with our 
finding of a linear variation of Hdep with voltage (see Eq. 3) considering a/2 = L. Using 
L = 0.05 V-1 deduced from the fit to Fig. 4c (see also S7), we find that the modulation 
ratio of Keff is a ~ 10% per V. Since the modulation of Keff is related to the modulation 
of the interface anisotropy at the CoFeB/MgO interface, and Keff0 ~ 105 J/m3 in our 
films, the typical modulation ratio of interface anisotropy KefftCoFeB where tCoFeB = 1 
nm is then 40 µJ/m2 per V nm-1 in agreement with previous studies on 
Ta/Co40Fe40B20/MgO15. 
 
 In the creep and intermediate depinning regime where DW velocities follow an 
exponential behavior, the energy barrier depends on H/Hdep that can be written 
H/Hdep = (1 + LVG)H/Hdep0. This indicates that the DW velocity under voltage follows 
the same expressions as the ones at zero voltage by replacing the magnetic field H 
by an effective magnetic field Heff = (1 + LVG)H, i.e, the energy barrier is given by 
Heff/Hdep0. This is shown in Fig. 5a where the DW velocity v is plotted against Heff 
under typical VG of −1.5 V, 0 V and 1.5 V respectively. The behavior in the DW creep 
regime is also shown in Fig. 5b where v (in logarithmic scale) is plotted against 
 (Heff)-1/4. All the curves can be superimposed by considering the effective magnetic 
field instead of the applied magnetic field. It is interesting to observe that it is also the 
case in the depinning regime above Hdep where the DW velocity depends on (H - 
Hdep)1/4. Since LVG << 1, (H - Hdep)1/4 ~ (Heff - Hdep0)1/4, which indicates that the 
universal description given by Heff is quantitatively applicable over the full range of 
the pinning dependent regimes.  
 
Finally, Figure 6 shows DW velocity at high fields in an as-grown 
Ta(5nm)/Co40Fe40B20(1nm)/MgO(2nm)/TiO2(20nm)/ITO structure, for which the PMA 
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is lower due to the amorphous character of the CoFeB layer.19 In this case, the 
beginning of the flow regime occurs at lower fields than the annealed sample, which 
allows us to study the influence of electric field on the flow regime. As shown in Fig. 
5a, the velocity v at VG = 0 as a function of the magnetic field increases up to µ0H = 
27 mT. Interestingly, for µ0H > 27 mT, a new regime where the DW velocity 
decreases with increasing H is observed. This additional regime beyond the 
depinning regime corresponds to the instability regime above the Walker breakdown 
that is partially hidden by the depinning regime as we have recently 
observed17,18,21,31. For µ0H < 27 mT the DW velocity increases with positive VG, as 
shown in Fig. 5b. Interestingly Fig. 5c shows that for µ0H = 30 mT in the negative 
mobility regime, instead the DW velocity decreases with increasing VG, indicating a 
reversal of the electric field effect. In this regime, the DW velocity exhibits a non-
trivial dependence on the effective anisotropy. First, we note that the Walker field 
can be written HW = Ny MS	α/2,		where Ny is the demagnetizing factor across the wall 
given as tCoFeB/(tCoFeB + Δ), α is the damping parameter and Δ	 is the domain wall 
width that can be written Δ = (A/Keff + Nyµ0MS2/2)1/2. The typical value of HW is around 
0.8 mT in our films22 lower than Hdep. Since Hw depends on Δ-1, HW is expected to 
vary as (Keff)1/2 such as Hdep. Thus a positive voltage (reduction of Keff) results in a 
decrease of HW, which as first approximation translates the Walker regime to lower 
fields reducing the DW velocity above HW as we observe. This is further supported 
by micromagnetic simulations (see S6), which shows that in the Walker regime 
indeed a reduction of anisotropy gives rise to a reduction of domain wall velocity.  
 
 In conclusion, beyond the important finding of the universal description of 
electric field induced DW motion, the possibility to both obtain depining efficiency up 
to 2.5 mT per V nm-1 and control DW velocity up to the flow regime in CoFeB-MgO 
structures opens new perspectives for low power spintronic applications such as 
solid state memories and logic devices. We believe that these electric field effects 
can be used  to lower the energy barrier for stored DWs leading to a smaller spin 
polarized currents to depin and move them. Also, as the depinning fields of CoFeB-
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MgO can be as small as 2-3mT, On/Off operations are feasible, which is of interest 
for logic devices.  Furthermore,  electric field effects can be very useful in the flow 
regimes  to fasten DW motion between two storing positions.  
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Methods 
 
Fabrication of Ta/CoFeB/MgO/TiO2/ITO structure.  The Ta(5 nm)/Co40Fe40B20(1 
nm)/MgO(2 nm)/Ta(5 nm) films were deposited on Si/SiO2 wafers by magnetron 
sputtering. Selected films were annealed at 300 oC for two hours. After etching the 
top 5 nm thick Ta layer, a 20 nm thick TiO2 dielectric layer was sputtered on the 
Ta/CoFeB/MgO film (see S1). Finally, 100 nm thick sputtered ITO (In2O3:Sn) stripes 
with width ranging from 10 µm to 50 µm were patterned on top of the TiO2 layer as 
the top electrode by optical lithography and lift-off process. ITO was used as the top 
electrode because it is not only a good electrical conductor (about 7 Ω-1 m-1 
conductivity), but also is transparent for visible light, so that it is possible to use Kerr 
microscopy for visualizing magnetic domains. By applying a top gate voltage VG 
between the bottom Ta/CoFeB and the top ITO, electrons can accumulate or deplete 
at the CoFeB/MgO interface. Here, positive (negative) gate voltage corresponds to 
electron accumulation (depletion) in the CoFeB layer. The leakage current was 
measured to be less than a few nA for gate voltages VG < 1.5 V and less than 100 nA 
at the maximum gate voltage and thus, Joule heating influence on DW motion can 
be negligible. 
Magnetic domain wall velocity measurement by polar Kerr microscopy.  The 
polar Kerr microscopy was performed using a diode with the blue light (455 nm in 
wavelength) and a ×50 objective lens. The analyzer was set to about 87 degree 
(analyzer and polarizer almost crossed) and the exposure time was 2 s. To measure 
DW velocity under an applied perpendicular magnetic field H, we used the following 
procedures: first, the sample was saturated with a magnetic field of −20 mT fixed for 
more than 10 s. Second, several positive magnetic field pulses of +3 mT with 
duration of around 10 s were applied, until the nucleation of a single DW below the 
ITO strip was observed. A reference Kerr image was taken at zero applied magnetic 
field after the first set of magnetic field pulses. Third, another magnetic field pulse 
was applied resulting in a DW displacement. The amplitude of the second set of 
magnetic field pulses ranged from 0.6 mT to 35 mT and their durations Δt from 100 s 
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(long pulse) to 9 µs (short pulse). The magnetic field pulse was generated from a coil 
with 1 cm diameter, which was fixed very close to the sample, and the rise time of 
magnetic field was about 4 µs. After the second set of magnetic field pulses were 
applied, a second Kerr image was taken as soon as the magnetic field was back to 
zero. The DW displacement during Δt was obtained by the difference between the 
two Kerr images, which gave the DW velocity v. The velocity measured under the 
short magnetic field pulses was determined by the slope of the DW displacement vs. 
magnetic field pulse duration. 
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Figure captions 
Figure 1 : Schematic of the experiment and magnetic domain wall 
displacement under gate voltages in annealed Ta/Co40Fe40B20/MgO/TiO2 
structures. a The gate voltage VG is applied between the ITO strip and the CoFeB 
film.  The magnetic field H is applied perpendicular to the film plane. b-d DW 
displacement measured by polar Kerr microscopy at applied magnetic fields µ0H of 8 
mT with 1 s duration under voltage VG of −1 V, 0 V and 1 V, respectively. The DW 
displacement is obtained from the difference between the polar Kerr images after 
and before magnetic field pulses. The right (left) boundary in the dark part in the 
image shows the DW position before (after) applying the magnetic field pulse, and 
the arrow indicates the direction of DW motion. Top gate voltage VG is applied in the 
region indicated by the dashed rectangle.  
Figure 2 : Magnetic DW velocity as a function of the voltage gate for different 
magnetic fields. a-c, Domain wall velocity as a function of VG for different magnetic 
fields µ0H of 3 mT, 9 mT and 29 mT, respectively. (d) Relative variation of DW 
velocity v(-1.5V)-v(+1.5V)/v(0V) as a function of the applied field. Electric field effect 
is detect up to the high velocity regime.  
Figure 3 : Magnetic DW velocity as a function of the applied magnetic field for 
different gate voltages in annealed Ta/CoFeB/MgO structures. a, velocity as a 
function of H under voltages VG of −1.5 V (open squares), 0 V (solid squares) and 
1.5 V (open circles). b, velocity (in logarithmic scale) as a function of H-1/4 under 
voltages VG of −1.5 V (open squares), 0 V (solid squares) and 1.5 V (open circles). 
The symbols correspond to the experimental data, and the lines to the fitting (see 
text).  
Figure 4 : Analysis of the creep regime under voltages. a-d Variation of Uc(Hdep)-
1/4/kBT, µ0Hdep, lnv0 and Uc/kBT respectively as a function of the gate voltage. 
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Figure 5 :  Domain wall velocity as a function of the effective magnetic field 
Heff for different gate voltages in annealed Ta/CoFeB/MgO structures. a, 
Velocity v as a function of (1+LVG)H under voltages VG of −1.5 V (open squares), 0 V 
(solid squares) and 1.5 V (open circles), where L = 0.05 V−1. b, Velocity v (in 
logarithmic scale) as a function of [(1+LVG)H]−1/4 under voltages VG of −1.5 V (open 
squares), 0 V (solid squares) and 1.5 V (open circles), where L = 0.05 V−1. 
Figure 6 :  Gate voltage effect on magnetic DW velocity in an as-deposited 
Ta/CoFeB/MgO structure. a, Velocity v as a function of H at zero voltage. b,c, 
Domain wall velocity v as a function of VG under magnetic field µ0H of 6 mT and 30 
mT, respectively.  
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